INTRODUCTION
============

A breakthrough in the development of efficient, safe, and sustainable energy storage devices for portable electronic devices, electrical vehicles, and stationary grid storage is urgently needed ([@R1], [@R2]). Supercapacitors have become one of the most promising energy storage systems ([@R3]--[@R16]), owing to their high power density, rapid charging-discharging rate, and long cyclic stability. However, the widespread application of supercapacitors is severely limited because of intrinsically low energy density of the extensively studied carbon-based electrochemical double-layer capacitors. Recently, supercapacitors that store energy through ion intercalation into bulk electrode materials, similar to what is seen in lithium-ion batteries (LIBs), have been intensively studied ([@R6]--[@R9], [@R14], [@R17]--[@R19]). The alluring feature of this kind of supercapacitors is the promising prospect toward enhancing energy density without compromising the high power density.

Very recently, the cost-effective transition metal oxides and perovskite oxides have shown great potential in ion (cation or anion) intercalation-type supercapacitor applications ([@R6]--[@R9], [@R20]--[@R22]). Despite great advances, the practical application of these oxide materials is still limited by their dissatisfactory rate capability, limited potential window, and low energy density ([@R6], [@R8], [@R9]). These limitations of oxide electrode materials are mainly due to the sluggish ion transport kinetics ([@R8], [@R9]). Nanoengineering offers a novel and exciting opportunity to tackle these problems by shortening the ion transport paths and relaxing the strain generated during electrochemical cycling ([@R8], [@R9]). These investigations indicate the opportunity of controlling the mode of charge storage by engineering proper nanostructures. However, the understanding of the ion diffusion control by atomic structure is still missing.

The inherently low electrical conductivity is another reason for the limited performance of oxide materials ([@R23]). Previous reports suggest that doping metal or nonmetal elements into the host oxides is an effective route to enhance their electrical conductivity ([@R24]), which is beneficial for achieving high energy density. Unfortunately, doping did not produce notable improvement in electrochemical performance. Even worse, it usually sacrifices the power density, which is possibly due to the nonuniform distribution of transition metal ions within oxides. Therefore, fast transport of ions and electrons to all active sites (interior and exterior) in oxide electrodes is of crucial significance for their performance, but it is still a grand challenge.

Atomic-level structure engineering can give rise to substantial modification of the chemical and physical properties of materials, which has been demonstrated with great success in the field of catalysis ([@R25]--[@R27]). So far, the atomic-level engineering and understanding of the capacitive oxide electrodes are largely missing. Here, we report the radical modification of the pseudocapacitive properties of an oxide material, Zn~*x*~Co~1−*x*~O, via atomic structure engineering, which changes its dominant charge storage mechanism from surface redox reactions to ion intercalation into bulk material. On the basis of the experimental observations, cutting edge characterization, and theoretical calculations, we demonstrate that atomic-level engineering endows Zn~*x*~Co~1−*x*~O electrodes with both rapid ionic and electronic conductivity ([Fig. 1](#F1){ref-type="fig"}). The creation of oxygen (O) vacancy--rich {111} nanofacets enables easy oxygen-ion intercalation into this oxide with a low energy barrier, and the atomically uniform Zn doping assures a considerable improvement of its electrical conductivity respective to pristine CoO. As a result, the Zn~*x*~Co~1−*x*~O electrode exhibits high-rate performance with capacitance up to 450 F g^−1^ at a scan rate of 1 V s^−1^, reaching the performance of the state-of-the-art transition metal carbides. A symmetric device assembled with Zn~*x*~Co~1−*x*~O achieves an energy density of 67.3 watt-hour (Wh) kg^−1^, which is the highest among symmetric pseudocapacitors consisting of metal oxides, metal sulfides, and other two-dimensional transition metal carbides.

![Schematic diagram of the atomic-level structure engineering of Zn~*x*~Co~1−*x*~O for high-rate intercalation pseudocapacitance applications.\
Arrays of single-crystal Zn~*x*~Co~1−*x*~O nanorods (NRs) are in situ fabricated on a conductive substrate to ensure quick charge transportation. For every single Zn~*x*~Co~1−*x*~O NR, the uniform doping of Zn ions in the oxide host assures fast electrical conduction, while the creation of O vacancy--rich {111} nanofacets enables easy access of oxygen ions into the oxide host with a low energy barrier.](aau6261-F1){#F1}

RESULTS
=======

Atomic structure engineering of Zn~*x*~Co~1−*x*~O NRs
-----------------------------------------------------

We fabricated arrays of Zn~*x*~Co~1−*x*~O NRs in situ on carbon fiber paper (CFP) ([Fig. 2A](#F2){ref-type="fig"}) by a cation exchange method ([@R28]) using ZnO NRs as sacrificial templates. This specific method enables atomically uniform Zn doping in the CoO host lattice. In traditional chemical methods, heteroatoms are generally introduced into host materials by dopant precursor incorporation during their growth. However, these methods offer poor stoichiometric and dopant distribution. In our method, we achieved the synthesis of Zn~*x*~Co~1−*x*~O NRs by the replacement reaction of Co^2+^ for Zn^2+^ ions, which proceeds through inward diffusion of Co^2+^ and outward diffusion of Zn^2+^ (fig. S1). This bidirectional diffusion and similar radii of Co^2+^ and Zn^2+^ allow easy formation of a Zn~*x*~Co~1−*x*~O solid solution with a single-crystal structure ([Fig. 2B](#F2){ref-type="fig"} and figs. S2 and S3). The molar ratio of Zn^2+^ and Co^2+^ in the resultant Zn~*x*~Co~1−*x*~O NRs can be easily tuned by controlling the cation exchange temperature (table S1 and figs. S3 and S4). The subnanometer spatial resolution elemental mapping shows that Co, O, and Zn elements are uniformly distributed across a single Zn~*x*~Co~1−*x*~O NR ([Fig. 2C](#F2){ref-type="fig"} and fig. S5), demonstrating that after the cation exchange process, the residual Zn^2+^ ions are well integrated into the CoO lattice, resulting in substitutional Zn^2+^ doping in CoO at the atomic level.

![Characterization of Zn~*x*~Co~1−*x*~O NRs.\
(**A**) Typical scanning electron microscopy (SEM) image of Zn~*x*~Co~1−*x*~O NR arrays distributed on CFP. (**B**) Transmission electron microscopy (TEM) image of an individual Zn~*x*~Co~1−*x*~O NR. (**C**) Elemental mapping of Co, O, and Zn on a single Zn~*x*~Co~1−*x*~O NR. (**D**) Atomic-resolution high-angle annular dark-field (HAADF)--scanning TEM (STEM) image of the surface, which is enclosed with {111} nanofacets. (**E**) EELS Co-L~2,3~ spectra of Zn~*x*~Co~1−*x*~O NR collected at two specific sites (site 1 and site 2) as indicated in (D), where a 0.45-eV peak shift toward the low energy loss direction is evident in site 1 respective to that in site 2. The data presented in this figure refer to Zn~0.04~Co~0.96~O NRs. a.u., arbitrary units.](aau6261-F2){#F2}

Moreover, the cation exchange method renders Zn~*x*~Co~1−*x*~O NRs with exposed {111} nanofacets ([Fig. 2D](#F2){ref-type="fig"} and fig. S6), which accommodate large amounts of O vacancies on the near surface region of the Zn~*x*~Co~1−*x*~O NRs (fig. S7). We discerned the spatial distribution of O vacancies on the Zn~*x*~Co~1−*x*~O NRs by electron energy-loss spectroscopy (EELS). Here, Co-L~2,3~ edge spectra, sensitive to the presence of O vacancies, were detected along the line from site 1 to site 2 on a single Zn~*x*~Co~1−*x*~O NR ([Fig. 2D](#F2){ref-type="fig"}). The collected spectrum continuously shifts toward the high energy loss direction, indicating the gradual decrease of the amount of O vacancies, but no shift is noticed away from site 2 toward the interior of the Zn~*x*~Co~1−*x*~O NRs. The peak shift observed on the two spectra collected for site 1 and site 2 is \~0.45 eV ([Fig. 2E](#F2){ref-type="fig"}). These results reveal that the O vacancies are mostly enriched below 2 to 3 nm from the outermost surface of the Zn~*x*~Co~1−*x*~O NRs with an average O vacancy concentration of \~22.5% (fig. S8 and note S1). Such high number of O vacancies induces 3 to 5% lattice expansion in the surface region of the Zn~*x*~Co~1−*x*~O NRs (fig. S9). As shown below, these atomic-level structural features, i.e., abundant O vacancies confined on the {111} nanofacets and atomically uniform Zn doping, result in fast ion and electron transports in the as-engineered Zn~*x*~Co~1−*x*~O NRs, which directly lead to the excellent capacitive performance.

Electrochemical properties of Zn~*x*~Co~1−*x*~O NRs
---------------------------------------------------

To understand the influence of the above atomic-level structural characteristics on the electrochemical behavior, we measured and compared the electrochemical properties of Zn~*x*~Co~1−*x*~O NRs (*x* = 0, *x* = 0.04, and *x* = 0.06) with those of polycrystalline Zn~*x*~Co~1−*x*~O (P-Zn~*x*~Co~1−*x*~O, *x* = 0.04) NRs (figs. S10 and S11). [Figure 3A](#F3){ref-type="fig"} shows the cyclic voltammetry (CV) curves collected at a scan rate of 50 mV s^−1^ for a voltage window of 0.8 V \[−1.0 to −0.2 V versus Ag/AgCl (V~Ag/AgCl~)\]. Notably, P-Zn~*x*~Co~1−*x*~O NRs exhibit typical redox pseudocapacitance in the potential range of −0.1 to 0.4 V~Ag/AgCl~ (fig. S12A). In the potential window studied, we only observed an electric double-layer capacitance in the case of P-Zn~*x*~Co~1−*x*~O NRs ([Fig. 3A](#F3){ref-type="fig"}, figs. S12B and S13, and note S2). Unexpectedly, Zn~*x*~Co~1−*x*~O NRs show nearly rectangular current-voltage curves, characteristic of an ideal pseudocapacitive response ([Fig. 3A](#F3){ref-type="fig"} and fig. S14). Impressively, the maximum capacity of Zn~0.04~Co~0.96~O NRs reaches as high as 1065 F g^−1^ at 5 mV s^−1^, which is nearly 31 times higher than that of P-Zn~*x*~Co~1−*x*~O NRs. Given that the Brunauer-Emmet-Teller (BET) surface area of Zn~*x*~Co~1−*x*~O NRs (\~30 m^2^ g^−1^) is only one-third of that measured for P-Zn~*x*~Co~1−*x*~O NRs (\~91 m^2^ g^−1^), the observed substantial capacity enhancement of Zn~*x*~Co~1−*x*~O NRs in comparison to P-Zn~*x*~Co~1−*x*~O NRs demonstrates a great feasibility to promote the charge storage of electrode materials through atomic structure engineering. The galvanostatic charge/discharge measurements with exceptional cycling stability further confirmed the excellent electrochemical performance of Zn~*x*~Co~1−*x*~O NRs ([Fig. 3C](#F3){ref-type="fig"}, figs. S15 and S16, and table S2).

![Electrochemical performance of Zn~*x*~Co~1−*x*~O NRs as compared with P-Zn~*x*~Co~1−*x*~O NRs.\
(**A**) CV curves at 50 mV s^−1^. (**B**) Specific capacity as a function of sweep rate between 5 and 1000 mV s^−1^. (**C**) Capacitance retention of Zn~0.04~Co~0.96~O NRs by galvanostatic cycling at 10 A g^−1^, with the inset showing galvanostatic cycling profiles collected at 1, 2, 5, 10, and 100 A g^−1^. (**D**) Deconvolution of the charge contribution as a function of scan rates, indicating that Zn~0.04~Co~0.96~O NRs facilitate fast electrochemical reaction, resulting in higher capacity contributed dominantly from the *v*-dependent charge.](aau6261-F3){#F3}

Besides high capacity, Zn~*x*~Co~1−*x*~O NRs exhibit exceptional rate performance. As shown in [Fig. 3B](#F3){ref-type="fig"}, Zn~0.04~Co~0.96~O NRs preserve 55% of the capacitance following a 100-fold scan rate increase from 5 to 500 mV s^−1^. Even at 1 V s^−1^, they deliver a high capacity of up to 450 F g^−1^, competing with the state-of-the-art high-rate transition metal carbides ([@R18]). To shed light on the superior high-rate capability of Zn~*x*~Co~1−*x*~O NRs, we carried out an analysis of the peak current (*i*) dependence on the scan rate (*v*; fig. S17). In general, the peak current, *i*, is a combination of the capacitive effect (*k*~1~*v*) and diffusion-controlled intercalation (*k*~2~*v*^1/2^) according to ([@R29])$$\mathit{i}(\mathit{V}) = \mathit{k}_{1}\mathit{v} + \mathit{k}_{2}\mathit{v}^{1/2}$$where *V* is a fixed potential. By determining both *k*~1~ and *k*~2~, it is possible to identify the fraction of current contributed by capacitive processes and that originating from diffusion-controlled intercalation. The capacitive response of the Zn~0.04~Co~0.96~O electrode is nearly constant across a wide range of scan rates, from 5 to 100 mV s^−1^, contributing more than 74% to the total charge storage ([Fig. 3D](#F3){ref-type="fig"}). In contrast, the diffusion-controlled capacity is a small portion of the entire capacitance. These collective results demonstrate excellent rate performance of the Zn~*x*~Co~1−*x*~O electrode, which can be ascribed to the fast ion and electron transports achieved in the as-engineered Zn~*x*~Co~1−*x*~O electrodes (see discussion below).

Charge storage mechanism in Zn~*x*~Co~1−*x*~O NRs
-------------------------------------------------

To provide further insight into the charge storage mechanism in Zn~*x*~Co~1−*x*~O NRs, we performed the synchrotron-based x-ray absorption (XAS) measurements ([Fig. 4A](#F4){ref-type="fig"} and fig. S18). The O-K edge spectra of Zn~*x*~Co~1−*x*~O NRs before and after processing at −0.2 V~Ag/AgCl~ are shown in [Fig. 4A](#F4){ref-type="fig"}. A comparison of these spectra reveals the insertion of oxygen ions into the Zn~*x*~Co~1−*x*~O NRs. Noticeably, peak A originates from the transition of electrons to hole states of Co3d--O2p octahedral coordination ([@R30]). For the as-prepared Zn~*x*~Co~1−*x*~O NRs, the intensity of peak A is weak due to the presence of a large amount of O vacancies. After processing the Zn~*x*~Co~1−*x*~O NRs at −0.2 V~Ag/AgCl~, peak A gains intensity, indicating the increased oxygen content in the Zn~*x*~Co~1−*x*~O NRs. Accordingly, shifts toward high photon energy are evident in the Co-L~2,3~ edge spectra of the Zn~*x*~Co~1−*x*~O NRs after processing at −0.2 V~Ag/AgCl~, indicating the oxidation of Co ions ([Fig. 4B](#F4){ref-type="fig"}). The data fitting and analysis (fig. S19) reveal that the average Co oxidation state changes per Co atom in CoO, Zn~0.04~Co~0.96~O, and Zn~0.06~Co~0.94~O NRs are \~0.46, 0.74, and 0.72 ē, respectively ([Fig. 4C](#F4){ref-type="fig"}). Using Faraday's law, the maximum theoretical capacity for CoO, Zn~0.04~Co~0.96~O, and Zn~0.06~Co~0.94~O NRs can be estimated as 742, 1187, and 1153 F g^−1^, respectively ([Fig. 4C](#F4){ref-type="fig"} and note S3), which are in excellent agreement with the experimentally observed capacities ([Figs. 3B](#F3){ref-type="fig"} and [4C](#F4){ref-type="fig"}). Therefore, the capacitive charge storage occurs dominantly by oxidation of Co ions in the bulk Zn~*x*~Co~1−*x*~O through a mechanism of oxygen intercalation (note S4), which can be described as$$\left. \text{Zn}_{\mathit{x}}\text{Co}_{1 - \mathit{x}}O_{1 - \delta} + (2\delta + 2\mathit{y})\text{OH}^{-}\rightleftharpoons\mathit{Z}n_{\mathit{x}}\text{Co}_{1 - \mathit{x}}O_{1 + \mathit{y}} + 2(\delta + \mathit{y})e^{-} + (\delta + \mathit{y})H_{2}O \right.$$where δ is the average oxygen vacancy concentration of Zn~*x*~Co~1−*x*~O NRs, and *y* is the mole fraction of inserted oxygen ions beyond stoichiometry. Notably, traditional transition metal oxides, such as RuO~2~, MnO~2~, and CoO~*x*~, mainly store charges through a surface redox mechanism ([@R10]). In our case, the atomic-level engineering activates the oxygen intercalation, which contributes to the improved charge storage in the as-engineered Zn~*x*~Co~1−*x*~O NRs. For Zn~0.04~Co~0.96~O NRs, the obtained capacity approaches its theoretical limit of 1267 F g^−1^ (note S3). The aforementioned oxygen intercalation mechanism assures the full use of the oxide electrode.

![Analysis of charge storage mechanism in Zn~*x*~Co~1−*x*~O NRs.\
(**A**) O-K edge XAS spectra of Zn~0.04~Co~0.96~O NRs before and processed at −0.2 V~Ag/AgCl~. (**B**) Co-L~2,3~ edge XAS spectra of Zn~*x*~Co~1−*x*~O NRs collected at −1 and −0.2 V~Ag/AgCl~. (**C**) Average Co oxidation state change (right) and the corresponding theoretical capacity (left) of Zn~*x*~Co~1−*x*~O NRs from −1 to −0.2 V~Ag/AgCl~ based on the Co-L~2,3~ edge spectra fitting. The experimental charge contributions of *v*- and *v*^1/2^-dependent capacity at 5 mV s^−1^ are shown for comparison (left).](aau6261-F4){#F4}

Origin of high-rate oxygen intercalation capacitance in Zn~*x*~Co~1−*x*~O NRs
-----------------------------------------------------------------------------

Since O vacancies are the active sites for oxygen-ion intercalation, high O vacancy mobility is crucial to facilitate fast oxygen-anion intercalation during charge storage ([@R9]). To gain further insight into the mobility of O vacancies in the as-engineered Zn~*x*~Co~1−*x*~O, we carried out the first-principle calculations (fig. S20). Our results reveal that the diffusion barrier of O vacancies in Zn~*x*~Co~1−*x*~O is sensitive to the surface geometrical structure. That is, O vacancies entering into the interior of Zn~*x*~Co~1−*x*~O through typical low-index {100} facets encounter a high-energy barrier of 1.82 eV ([Fig. 5A](#F5){ref-type="fig"}), well explaining why traditional Zn~*x*~Co~1−*x*~O (P-Zn~*x*~Co~1−*x*~O) NRs exhibit negligible intercalation pseudocapacitance ([Fig. 3](#F3){ref-type="fig"}, A and B). In contrast, the energy barrier on {111} facets falls down to 1.05 eV, and a 3% lattice expansion even gives rise to a much lower activation energy barrier of \~0.70 eV. Therefore, the {111} nanofacets and tensile strain confined on the respective surface and near surface region of Zn~*x*~Co~1−*x*~O NRs provide advantageous geometrical environment for rapid diffusion of O vacancies. Moreover, the numerous nanopores inside Zn~*x*~Co~1−*x*~O NRs with well-defined {111} side faces greatly enhance the surface region of Zn~*x*~Co~1−*x*~O NRs (fig. S21), further facilitating the diffusion of O vacancies to all active sites inside Zn~*x*~Co~1−*x*~O NRs. Note that the isolated O vacancy diffusion should vary greatly from a high concentration on the surface of Zn~*x*~Co~1−*x*~O. The previous work ([@R31]) on the cation intercalation into oxides suggests that an increase in the concentration of diffusing cation results in a decrease in the diffusion barrier. A similar situation is in our case, where diffusion of O vacancies is greatly enhanced upon increasing the surface concentration of O vacancies (note S1). Consistent with the theoretical calculations, we observe a high oxygen diffusion rate up to 1.0 × 10^−10^ cm^2^ s^−1^ in CoO NRs (figs. S22 and S23), which is about one or two orders of magnitude higher than that observed in perovskite oxides ([@R9]), and even higher than the lithium diffusion rate in common lithium-ion intercalation materials ([@R32]).

![Computational investigations of oxygen ion diffusion and electrical conduction in Zn~*x*~Co~1−*x*~O.\
(**A**) Migration activation energies of the O vacancy diffusing into bulk Zn~*x*~Co~1−*x*~O (*x* = 0) through {100}, {111}, and strained {111} facets (with 3% tensile strain), with the inset showing the O vacancy diffusion path. Color codes: blue and red spheres denote cobalt and oxygen atoms, respectively, and yellow spheres denote diffusing O vacancy. (**B**) The DOS on pristine and Zn-doped CoO. The arrow points out new electronic states, which appear in the bandgap of Zn-doped CoO, demonstrating the importance of atomic Zn^2+^ doping in promoting the electrical conduction in Zn~*x*~Co~1−*x*~O.](aau6261-F5){#F5}

On the other hand, only fast oxygen-ion intercalation is insufficient to achieve this high intercalation capacity in Zn~*x*~Co~1−*x*~O NRs, which can be accomplished by simultaneous promotion of the electronic conductivity. As displayed by the calculated density of states (DOS) in [Fig. 5B](#F5){ref-type="fig"}, the pristine CoO exhibits a wide bandgap of \~2.4 eV, indicating intrinsically poor electronic conductivity. For the Zn-doped CoO (Zn~*x*~Co~1−*x*~O), some new electronic states emerge in the bandgap (indicated by arrow in [Fig. 5B](#F5){ref-type="fig"}). The enhanced DOS increase the carrier density in Zn~*x*~Co~1−*x*~O. This is supported by Mott-Schottky (M-S) measurements showing that the Zn-doped CoO NRs feature nearly 10-fold enhancement in charge carriers as compared with CoO NRs (fig. S24). This promotion of electronic conductivity leads directly to greatly increased capacitive charge storage in Zn-doped CoO NRs (Zn~0.04~Co~0.96~O and Zn~0.06~Co~0.94~O NRs) as compared with CoO NRs ([Fig. 4C](#F4){ref-type="fig"}).

Thus, in the atomically engineered Zn~*x*~Co~1−*x*~O NRs, fast ion and electron transports are simultaneously achieved and synergistically combined to contribute to their superior performance. Following this atomic engineering route, it is predicted that further charge transport promotion in this oxide can lead to the capacity exceeding 2000 F g^−1^ (note S3) without sacrificing its power capability. This ideal oxide electrode could, in principle, be realized by multielement doping and/or by decreasing the crystal size of oxide.

Practical application of Zn~*x*~Co~1−*x*~O NRs in symmetric supercapacitors
---------------------------------------------------------------------------

Electrode materials with large potential windows are highly preferable in practical storage devices. However, oxide electrodes are usually plagued by limited potential windows. Zn~*x*~Co~1−*x*~O NRs can also afford a high level of intercalation pseudocapacitance in the working potentials above 0 V~Ag/AgCl~ (fig. S25). Therefore, a symmetric cell composed of two Zn~*x*~Co~1−*x*~O NRs electrodes successfully extends the operating voltage window to nearly 1.5 V in aqueous electrolyte ([Fig. 6A](#F6){ref-type="fig"}), much higher than those of the reported cobalt oxide-based electrodes (0.6 to 0.8 V) ([@R33], [@R34]). [Figure 6B](#F6){ref-type="fig"} shows the specific power density and energy density of the as-fabricated device in comparison to traditional LIBs. As shown, Zn~*x*~Co~1−*x*~O NRs deliver a steady and high energy density over a wide range of power, presenting a high energy density of 67.3 Wh kg^−1^ at a power density of 1.67 kW kg^−1^, approaching the higher end of LIBs. To the best of our knowledge, this is the highest value among symmetric pseudocapacitors (table S3) consisting of metal oxides ([@R9]), metal sulfides ([@R35]), and other two-dimensional materials ([@R36]). Even at a high power density of 68.6 kW kg^−1^, the device still has an energy density of 27.6 Wh kg^−1^. Therefore, our work shows the possibility of atomic-level structure engineering of metal oxides to achieve a promising capacitive intercalation that presents both high power density and energy density.

![Electrochemical performance of symmetric supercapacitor device in aqueous electrolyte (6 M KOH).\
(**A**) CV curves of our symmetric supercapacitor (SC) device at different scan rates. (**B**) Ragone plot of the SC device, data of traditional LIBs, some high-performance SCs ([@R9], [@R35], [@R36]), and asymmetric supercapacitor (ASC) ([@R11]) devices are also added for the purpose of comparison. Our SC device is assembled with Zn~0.04~Co~0.96~O NR electrodes as both cathode and anode.](aau6261-F6){#F6}

DISCUSSION
==========

We have demonstrated atomic-level structure engineering of a metal oxide for high-rate charge storage via oxygen intercalation. The combination of experiment and theoretical calculations shows that the excellent performance can be assigned to the simultaneously enhanced ionic diffusion and electronic conductivity in the as-engineered oxide studied. The confinement of abundant O vacancies on {111} nanofacets enables easy intercalation of oxygen ions into this oxide with a low energy barrier, and the atomically uniform Zn doping assures fast electrical conduction. We emphasize that the as-engineered oxide electrode exhibits high rate capability, a wide potential window, and high energy density, with its maximum capacity approaching the theoretical limit. We believe that this work will stimulate research toward atomic-level structure engineering of electrode materials, which can be used to design the next-generation high energy and high power electrochemical devices.

MATERIALS AND METHODS
=====================

Synthesis of Zn~*x*~Co~1−*x*~O NRs and P-Zn~*x*~Co~1−*x*~O NRs
--------------------------------------------------------------

In this work, the self-supported Zn~*x*~Co~1−*x*~O NR arrays were grown directly on CFP using a cation exchange method in the gas phase ([@R37]--[@R39]). ZnO NRs on CFP were used as sacrificial templates. The molar ratio of Zn^2+^ and Co^2+^ in the resultant Zn~*x*~Co~1−*x*~O NRs can be easily controlled by tuning the cation exchange temperature (table S1). P-Zn~*x*~Co~1−*x*~O NRs were fabricated on CFP using the hydrothermal method ([@R40]). Zinc nitrate \[Zn(NO~3~)~2~\] was chosen as the zinc dopant precursor, and the molar ratio of Zn^2+^ and Co^2+^ in the final P-Zn~*x*~Co~1−*x*~O NRs was tuned by tuning the mass ratio of Zn^2+^ and Co^2+^ in the precursors.

Structural characterizations
----------------------------

SEM and TEM characterizations were carried out using a Hitachi S-4800 SEM and a JEOL 2100 TEM, respectively. HAADF-STEM imaging was performed on a JEOL ARM200F microscope with a STEM aberration corrector operated at 200 kV. The BET surface area was determined from nitrogen adsorption data measured at 77 K on an ASAP 2020 physisorption analyzer (Micromeritics Inc., USA). The loading masses of Zn~*x*~Co~1−*x*~O and P-CoO NRs on CFP substrates were measured using inductively coupled plasma mass spectrometry (NexION 300Q, PerkinElmer).

XAS measurements
----------------

XAS measurements were carried out at experimental station 8-2 of the Stanford Synchrotron Radiation Light Source. XAS data were recorded in fluorescence yield mode. Zn~*x*~Co~1−*x*~O electrodes were processed using CV. After five cycles with the scan rate of 10 mV s^−1^, the electrode was cycled at 5 mV s^−1^ to the required potential. The electrodes were then taken out from the electrolyte, washed with ethanol, dried using argon gas, and then sealed in tape to prevent exposure to the environment.

Electrochemical characterizations
---------------------------------

Electrochemical measurements were carried out using a VersaSTAT 3 electrochemistry workstation from Princeton Applied Research. The tests were performed in a standard three-electrode electrochemical cell using oxide NR-loaded CFP as the working electrode, an Ag/AgCl electrode as the reference electrode, and a Pt wire as the counter electrode in nitrogen gas saturated with 6 M KOH electrolyte. The capacitive property of CFP is provided in fig. S26. The loading amounts of CoO, Zn~0.04~Co~0.96~O, Zn~0.06~Co~0.94~O, and P-Zn~0.04~Co~0.96~O NRs on the CFP substrate were 0.322, 0.326, 0.356, and 0.335 mg cm^−2^, respectively. In the symmetric device testing, one Zn~*x*~Co~1−*x*~O NR electrode acted as the working electrode, and the other served as the counter electrode. The total loading mass of Zn~*x*~Co~1−*x*~O NRs on these two electrodes was 0.652 mg cm^−2^.

Computational methods
---------------------

All density functional theory (DFT) computations were performed with the Hubbard-U framework (DFT + U) using the Vienna ab initio simulation package. The projector-augmented wave pseudopotential with the Perdew-Burke-Ernzerhof exchange-correlation functional was used in the computations. The Hubbard effective term *U*~eff~(Co) = 3.7 eV was applied. The relevant details, references, and computational structural models (figs. S20 and S27) are given in the Supplementary Materials.
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Fig. S1. Schematic diagram of the cation exchange methodology for the synthesis of Zn~*x*~Co~1−*x*~O NRs.

Fig. S2. TEM characterizations of Zn~*x*~Co~1−*x*~O NRs.

Fig. S3. X-ray diffraction (XRD) spectra of Zn~*x*~Co~1−*x*~O NRs.

Fig. S4. SEM images of Zn~*x*~Co~1−*x*~O NRs.

Fig. S5. Composition analysis of a single Zn~0.04~Co~0.96~O NR.

Fig. S6. HAADF-STEM characterization of the as-exchanged Zn~*x*~Co~1−*x*~O NRs.

Fig. S7. X-ray photoelectron spectroscopy O 1s spectra of Zn~*x*~Co~1−*x*~O NRs.

Fig. S8. Schematic illustration of the spatial distribution of O vacancies in a single Zn~*x*~Co~1−*x*~O NR.
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